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Abstract

A search for the process ep — eW X, with the subsequent decay W — ¢¢', is per-
formed on 120 pb~! of ep collision data, taken with the ZEUS detector during the
1996-2000 running period. The process leads to final states with two jets of high
transverse momentum coming from the W decay and, in some cases, a third jet
from the struck quark or, for high values of the negative of the four-momentum-
transfer squared %, a scattered electron with high transverse momentum. The
analysis is performed on three different event topologies (two-jets, two-jets and
electron, three-jets) and the results are combined to give information on the cross
section for ep — eW X.






1 Introduction

This paper reports the results of an investigation of the production of W bosons in elec-
tron!-proton collisions at center-of-mass energy 300 and 318 GeV at HERA. Single W
production is a rare Standard Model (SM) process and an important source of background
to searches for physics beyond the Standard Model [1,2]. Investigations of the process
ep — eWX, W — lv, where | = p, e have been performed at HERA by both the H1 [2,3]
and ZEUS [1,4] collaborations. H1 observes an excess of events with isolated muons or
electrons and high missing transverse momentum over the SM prediction, dominated by
single W production. The ZEUS results do not confirm this excess. Therefore a com-
plementary study of W production at HERA where the W decays hadronically can yield
important information.

The dominant leading order Feynman diagrams for single W production at HERA are
shown in Figure 1. In the hadronic decay channel of the W, the event topology contains
two or three high transverse energy (EI) jets. If the negative of the four-momentum
transfer squared (Q?) is greater than a few GeV?, the scattered electron can be observed
in the detector.

The study was performed by selecting events containing at least two high transverse energy
jets. The sample was then subdivided according to three mutually exclusive characteristic
topologies: (1) events containing 2 high Er jets, (2) events containing 3 jets and (3) events
containing 2 jets and 1 isolated electron. The data set corresponds to the 1996-2000
running period, with a total integrated luminosity of 120 pb™'.

2 Monte Carlo simulation of the signal ep — eWW X
and of the background

The leading order (LO) cross section for ep — eW X has been calculated using the EPVEC
generator [5]. EPVEC calculates the cross section in two regions, corresponding to pho-
toproduction and deep inelastic scattering, which are separated by a cut on the variable
u, defined as (p, — pw), where p, and py are the 4-momenta of the initial state quark
and of the W, respectively. The photon (proton) structure functions used in the calcula-
tion are GRV-G(LO) (CTEQ4D). The final state simulation does not include hard gluon
radiation.

Such calculations yield a total cross section of 0.945 pb for /s = 300 GeV and 1.09 pb
fory/s = 320 GeV. The uncertainties on this value are approximately 5% for the choice

! In this paper “electron” refers both to electrons and positrons unless specified.



of Uey; (set at 25 GeV?), 5% for the choice of proton structure function, 10% for photon
structure function and 10% from the choice of Q? scale [6] used in EPVEC. Next-to-
leading order corrections were calculated in [7] and were found to be of the order of 10%.
They were however neglected in this analysis.

The most important background to W production in the hadronic decay channel arises
from multi-jet production in direct and resolved photoproduction (PHP) and in deep
inelastic scattering (DIS) events. PHP events were simulated using the event generator
PYTHIA 6.2 [8]. DIS events, which are a large background to the 2 jets and electron
topology, have been simulated using the generator DJANGOG6 [9], an interface to the
Monte Carlo (MC) programs HERACLES 4.5 [10] and LEPTO 6.5 [11]. Leading order
QCD and electroweak radiative corrections were included and higher order QCD effects
were simulated via parton cascades using the colour-dipole model ARTADNE [12] or par-
ton shower based on a leading-logarithm approximation (MEPS). The hadronisation of
the partonic final state was performed by JETSET [13]. The generated events were passed
through the GEANT 3.13-based [14] ZEUS detector and trigger simulation programs [15].
They were reconstructed and analysed by the same program chain as the data.

3 The ZEUS detector

A detailed description of the ZEUS detector can be found elsewhere [15]. The main
components used in this analysis were the compensating uranium-scintillator calorimeter
and the central tracking detector.

The high-resolution uranium-scintillator calorimeter (CAL) [16] consists of three parts:
the forward (FCAL), the barrel (BCAL) and the rear (RCAL) calorimeters. Each part
is subdivided transversely into towers and longitudinally into one electromagnetic sec-
tion (EMC) and either one (in RCAL) or two (in BCAL and FCAL) hadronic sections
(HAC). The smallest subdivision of the calorimeter is called a cell. The CAL energy res-
olutions, as measured under test-beam conditions, are o(E)/E = 0.18/+/F for electrons
and o(FE)/E = 0.35/V/E for hadrons (E in GeV).

Charged particles are tracked in the central tracking detector (CTD) [17], which oper-
ates in a magnetic field of 1.43T provided by a thin superconducting coil. The CTD
consists of 72 cylindrical drift chamber layers, organized in 9 superlayers covering the



polar-angle? region 15° < § < 164°. The transverse-momentum resolution for full-length
tracks is o(pr)/pr = 0.0058pr @ 0.0065 & 0.0014/pr, with pr in GeV.

A three-level trigger was used to select events online [18] requiring large total transverse
energy and events with two or more high transverse energy jets. Algorithms based on the
tracking rejected non-ep collisions consisting mainly of proton beam-gas interactions.

4 Event Reconstruction and Data Selection

Jets in the final state were reconstructed from the energy deposits in the CAL cells using
the inclusive longitudinally invariant k7 cluster algorithm [19,20]. Variables associated
with the jets are: the transverse energy E%f’t, the pseudorapidity 7'®* and the azimuthal
angle ¢°*. The energy of the jets was corrected for losses in dead material.

The absolute value of the cosine of the decay angle in the centre of mass frame of the two
highest Er jets , | cos0*|, defined as:

1 . .
[cos6"] = [ tanh 5 (7 — 5j°2)], 1)

is used to distinguish the signal from the background. The distribution of | cos §*| is flat
for W production, whereas it peaks towards high values (& 1) in direct and resolved
photoproduction and in deep inelastic scattering.

Longitudinal momentum conservation ensures that £ — pz, defined as:
E—-p,= ZE,'(l—COSHZ'), (2)
i

where the E; are the energies deposited in the calorimeter cells, and 6; are the polar angles
at which the cells lie, peaks at twice the electron beam energy F, for fully contained events.
Small values of E —pj are expected for proton-gas interactions. Values much greater than
2FE, = 55 GeV are usually caused by superposition of two processes at the same bunch
crossing such as deep inelastic scattering overlapping a beam gas event.

Events that pass the trigger requirements were further required to have at least 2 jets
with EJ' > 20 GeV lying in the 7®* range —1.0 < 7’** < 2.75 . Other preselection cuts

2 The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing in the
proton beam direction, referred to as the “forward direction”, and the X axis pointing left towards
the center of HERA. The coordinate origin is at the nominal interaction point. The pseudorapidity
is defined as n = —1In (tan g), where the polar angle, 6, is measured with respect to the proton beam
direction.



required that the Z-coordinate of the tracking vertex be reconstructed within 50 cm of
the nominal interaction point and that 10 GeV < E — pz < 65 GeV.

Events surviving the preselection cuts were subdivided into 3 samples: 2 jet (DIJET), 3
jet (TRIJET) and electron (ELEC). Any event that did not fit into these categories was
discarded. The criteria used to categorise the events were:

e Events containing two jets with Fi* > 20 GeV and 7" in the range —1.0 < 7 < 2.75
were classified as DIJET events. In addition it was required that there be no electron
candidate as defined later.

e The TRIJET topology contained events with three jets as defined above and any
number of electrons.

e Events were classifed as ELEC if they contained two jets with E%f’t > 20 GeV, niet
lying in the range —1.0 < 7 < 2.75 and a scattered electron identified using a neural
network algorithm [21]. The electron was required to be isolated and have a matching
track if its azimuthal angle was within the CTD acceptance. The global £ — Py of
the event was required to be greater than 40 GeV.

The number of events in each category is shown in table 1, for the selected data, for the
background MC samples (PHP and DIS) and for the signal MC (EPVEC). The number of
events for the MC samples are shown normalized to the data luminosity. The discrepancy
of approximately 10% in the background MC normalization can be attributed to high-
order QCD corrections to the jet cross-sections [1].

5 Results

A comparison of the selected data with the MC background and signal is shown in figure
2, where the light shaded area shows the background MC (PHP+DIS) normalised to
luminosity and then multiplied by the appropriate normalisation factor « from table 2,
and the dark shaded histogram shows the signal W MC (EPVEC), normalized to the data
luminosity. The first row of figure (2) shows (a) the transverse energy of the two jets, (b)
the pseudorapidity of the 2 jets and (c) the |cos*| for the DIJET sample. The second
row shows (d) the transverse energy of the third highest Er jet, (e) the pseudorapidity
of the third jet and (f) the |cos6*| for the TRIJET sample. The third row shows (g) the
transverse energy of the two jets, (h) the pesudorapidity of the 2 jets and (i) y. of the
electron®.

3y =1— IgeTle:(l — cosf,) where Felec is the energy of the electron, E, is the energy of the electron
beam, and 6. is the polar angle of the electron.



The data and background MC show very good agreement in the shape of the distributions.
In all topologies the background is very large compared to the signal. Therefore, in order
to enhance the signal, a further cut on | cos §*| was applied to all three samples ( < 0.6
to DIJET, 0.7 to TRIJET and 0.65 to ELEC). In addition, in the ELEC sample, a cut of
ye > 0.2 was applied. Cuts on these variables were obtained by performing an optimisation
routine to maximise the ratio of the number of signal events to the square root of the
number of background events in the signal mass window.

Figure 3 shows the invariant mass spectrum of the two highest EX* jets (M;,) for the 3
samples (a) DIJET, (b) TRIJET and (c) ELEC, after applying these two additional cuts.
From MC studies of the TRIJET events, the two jets coming from the hadronic W-decay
are the two highest E%?ts jets in 80% of the cases. The reconstructed invariant mass for
the signal is shown as the dark-shaded area in fig. 3. Even after applying the cut on
| cos 6% | the background dominates the cross-section.

In order to estimate the cross section for e — eW X a binned x? fit of the invariant
mass spectrum for signal and background Monte Carlo to data was performed, in a mass
window 60 < M;; < 130 GeV:

Ndata — akag + /BNWmc’ (3)
where N9 ig the number of data events in each bin, NP*8 is the number of background
events and NW™¢ is the number of signal MC events.

The two normalization factors o and 5 obtained from the fit for the 3 different samples are
shown in table 2. The resulting W cross-section estimates, which are obtained multiplying
the factors 8 by the cross-section predicted by the W MC, are shown in the last line of
table 2. For the fit only the statistical errors are taken into account. The systematic
errors on « and [3 were estimated by:

e using the MEPS model, instead of the Ariadne model, for the DIS contribution to the
background.

e fixing the normalisation of the DIS contribution to the background using the MC
cross-section and data luminosity.

e fixing the normalisation of the PHP contribution to the background using the number
of data events in the 40 < M,j( GeV) < 60 mass window.

e varying the absolute energy scale of the CAL by +1%.

These systematic uncertainties were added in quadrature and the combined errors are
shown table 2.

By combining the results from the three channels, a cross-section of:

o(ep — eW X) = 2.97 + 2.51(stat.) T 2 (syst.) pb (4)



was obtained.

In order to set a 95% confidence limit on the cross section for W production, a Bayesian
approach with a prior flat in the cross section for o > 0 and vanishing for o < 0 was used,
the limit thus obtained was:

o(ep — eWX) < 8.3 pb. (5)

6 Summary

A search was made for the hadronic decay of singly produced W bosons at HERA in
electron-proton collisions at centre-of-mass energies of 300 and 318 GeV using an inte-
grated luminosity of 120 pb *. The selected samples with 2 jets, 3 jets, or 2 jets and a
scattered electron are dominated by the background due to QCD multi-jet production in
photoproduction and deep inelastic scattering events. A fit to the invariant mass of the
two highest transverse energy jets was used to extract a W production cross section of
2.97 +2.51(stat.)* > (syst.) pb. Although the W hadronic-decay channel is not competi-
tive with the leptonic-decay channel and the errors are large, the result shows no anomaly
compared to the Standard Model prediction.
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DIJET | TRIJET | ELEC
Data 19338 3002 4986
Signal 27.39 12.43 5.42

Background | 17398 2286 4747

Table 1: FEvents in each event class after preselection cuts.

DLJET | TRIJET | ELEC Combined
3 3.397314 1 2.044359 | 1354547 —
o 112759 | 1.32%905 | 1.01799%8 —

x2/ndef | 7.86/12 | 18.33/12 | 13.38/12 —

o/pb | 3.697352 | 2231331 | 1.47F1030 | 2.97 + 2.51(stat.) T D (syst.)

Table 2: Values of a and [ obtained from the fits described in the text. Also
shown are the x? value of the fit and the corresponding cross section estimate o for
Single W Production.

(b)

Figure 1: Main leading order Feynman diagrams for the process ep — eW X.
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Figure 2: Data (points) compared to combined data-normalised Monte Carlo for
the 3 samples. The top row shows variables from the DIJET sample, the middle
row from the TRIJET sample and the distributions in the bottom row are from the
ELEC sample. The light shaded histogram represents the background (PHP+DIS)
MC prediction, the dark shaded area the signal (W — jets) prediction. The vari-
ables shown are described in detail in the text.
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Figure 3: [Invariant mass spectra for (a)DIJET, (b)TRIJET and (¢)ELEC sam-
ples. The background MC is shown as the light-shaded histogram, normalised with
the coefficient o obtained from the fit and shown in table 2. The signal MC is
shown as the dark-shaded histogram and is normalised to the data-luminosity.
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